Background: The aberrant expression of myotubularin-related protein 2 (MTMR2) has been found in some cancers, but little is known about the roles and clinical relevance. The present study aimed to investigate the roles and clinical relevance of MTMR2 as well as the underlying mechanisms in gastric cancer (GC). Methods: MTMR2 expression was examined in 295 GC samples by using immunohistochemistry (IHC). The correlation between MTMR2 expression and clinicopathological features and outcomes of the patients was analyzed. The roles of MTMR2 in regulating the invasive and metastatic capabilities of GC cells were observed using gain-and loss-of-function assays both in vitro and in vivo. The pathways involved in MTMR2-regulating invasion and metastasis were selected and identified by using mRNA expression profiling. Functions and underlying mechanisms of MTMR2-mediated invasion and metastasis were further investigated in a series of in vitro studies.
Background
Gastric cancer (GC) remains the fifth most common cancer type and the third leading cause of cancer-related deaths worldwide [1] . In 2015, approximately 4292,000 new cases of GC were diagnosed and 2814,000 cancer-associated deaths were occurred in China [2] . Despite considerable advances in early detection and treatment, most of the GC patients still die of cancer progression [3] . Invasion and metastasis are the leading causes of GC progression [4] . Therefore, insight into the molecular mechanisms underlying GC invasion and metastasis is urgently needed for developing more effective treatments.
Myotubularin-related protein 2 (MTMR2) is a member of phosphoinositide lipid phosphatase family, which is involved in the regulation of many cell biological processes, such as endocytosis, membrane trafficking, cytokinesis, cell proliferation, and differentiation [5] [6] [7] . MTMR2 mutation causes Charcot-Marie-Tooth type 4B1 (CMT4B1), a recessive demyelinating neuropathy characterized by myelin sheaths folded and severe axonal loss [8] . MTMR2 knock-out mice exhibit CMT4B1-like neuropathy and impaired spermatogenesis [9] . Recently, MTMR2 has been reported to be aberrantly expressed in some tumors [10, 11] . Brenner DR et al. applied novel variant prioritization approaches to identify lung cancer variants in 3128 lung cancer cases and 2966 controls, and found that MTMR2 was associated with increased risk of squamous cell carcinoma [10] . In patients with Sézary syndrome, an aggressive, leukemic cutaneous T-cell lymphoma variant, MTMR2 was involved in rearrangements affecting gene expression [11] . However, the roles, mechanisms and clinical relevance of MTMR2 in GC have not been investigated.
In the present study, we found that MTMR2 was overexpressed in human GC tissues and the expression levels were positively correlated with clinicopathological parameters and reversely correlated with outcomes of the patients. MTMR2 upregulated ZEB1 by inactivated IFNγ/ STAT1 signaling to induce epithelial-mesenchymal transition (EMT) and consequently enhanced invasion in vitro and metastases in vivo in GC cells. Our findings suggest that MTMR2 may be a novel onco-protein in GC and act as an independent prognostic indicator as well as a therapeutic target for GC patients.
Materials and methods

Patients and specimens
A total of 295 formalin-fixed, paraffin-embedded cancerous and paired adjacent normal tissues were obtained from GC patients who received curative surgery at the Southwest Hospital, Third Military Medical University (Chongqing, China) between January 2007 and December 2010. All patients did not receive any radiotherapy, chemotherapy or immunotherapy before surgery. Tumor stage of the specimens were determined according to the 8th Edition tumor-node-metastasis (TNM) staging classification system of the American Joint Committee on Cancer [12] . Detailed clinicopathologic characteristics of the patients were listed in Additional file 1: Table S1 . All the patients had complete clinicopathological records and followed-up information for a period of minimal 5 years. Additional six fresh GC cancerous and matched noncancerous tissues were also obtained from GC patients at Southwest Hospital for western blot analyses. This study was in accordance with Helsinki Declaration and approved by the Medical Ethics Committee of the Southwest Hospital, Third Military Medical University. Written informed consent wherever necessary was obtained from study subjects or their guardians.
Immunohistochemistry (IHC) analysis
IHC staining was performed with Dako REAL Envision Detection System (Dako, Glostrup, Denmark) as previously described [13] . Paraffin sections were stained for indicated antibodies by IHC, isotype serum was used as negative control. The detail information of antibodies used in the present study were listed in Additional file 1: Table S5 . The IHC staining score of each sample was calculated as multiplying the staining intensity by the proportion of the positive staining cells [14] . The staining intensity was graded as follows: 0 (negative), 1 (weak), 2 (moderate) and 3 (strong), and the proportion of the positive staining cancer cells was scored as follows: 1 (1-25%), 2 (26-50%), 3 (51-75%) and 4 (76-100%). The IHC score of 6 was determined as the optimal cutoff value analyzed by using the statistical software X-tile [15] (Yale University School of Medicine, New Haven, CT, USA) (Additional file 1: Figure S1A ) and SPSS 19.0 software (IBM SPSS Inc., Chicago, USA) (Additional file 1: Figure S1B ). Consequently, samples with score ≥ 6 were categorized as MTMR2 high , otherwise were defined as MTMR2 low . The IHC score was performed by two pathologists independently in a blinded manner.
Cell culture
The immortalized gastric epithelium cell line (GES-1) and human GC cell lines SGC7901, BGC823, MKN-45 and MGC803 were purchased from Cell Bank of the Chinese Academy of Sciences (Shanghai, China). AGS was purchased from the American Type Culture Collection. AGS was cultured in F12K medium containing 10% fetal bovine serum (FBS) (Gibco, USA), other cells were cultured in RPMI 1640 (HyClone, USA) containing 10% FBS. All the cells were tested and confirmed negative for mycoplasma contamination using EZ-PCR Mycoplasma Test Kit (Bioind, Israel), and cultured at 37°C in 5% CO2 and 100% humidity.
MTMR2 knockdown and overexpression
To knock-down MTMR2 in GC cells, the lentivirus particles containing shRNAs targeted MTMR2 (named sh-MTMR2) and a non-targeting scrambled RNA (named mock) (Additional file 1: Table S2 ) were obtained from Shanghai Genechem Co., Ltd. (Shanghai, China). For MTMR2 overexpression in GC cells, full-length human MTMR2 cDNA (NM_016156.5) was constructed into a lentiviral expression vector (named over-MTMR2), and empty vector was used as the control (named control) (Shanghai Genechem Co., Ltd). The lentivirus transfection was conducted as previously described [13] . Stably transfected GC cells were selected using puromycin (2 μg/mL). qRT-PCR and western blot analyses were performed to confirm the efficiency of MTMR2 knockdown and over-expression at mRNA and protein levels, respectively.
siRNA transfection
The sequences of STAT1 siRNA, ZEB1 siRNA, IRF1 siRNA, and Control siRNA were listed in Additional file 1: Table S3 and synthesized by Ruibo Biotechnology Co., Ltd. (Guangzhou, China). GC cells were seeded into 24-well plates and transfected with indicated siRNA or control using Lipofectamine™ 3000 transfection reagent (Invitrogen, CA, USA) according to the manufacturer's instructions.
RNA extraction and quantitative real-time PCR (qRT-PCR)
Total RNA was extracted using TRIzol reagent (Invitrogen, CA, USA). Reverse transcription was performed using commercial kit (Takara, Tokyo, Japan). qRT-PCR reactions were performed using SYBR Premix Ex Taq II (Takara, Tokyo, Japan) according to the manufacturer's protocol. The primer sequences used for qRT-PCR were listed in Additional file 1: Table S4 . Relative mRNA expression of the target gene against β-actin was calculated using the 2 -ΔΔCt method [16] . All the experiments were performed in triplicates.
Western blot
Western blot analysis was performed as described previously [13] . The total protein from cell lines and tissues were extracted using RIPA lysis buffer (Beyotime, Shanghai, China) complemented with protease and phosphatase inhibitors (Beyotime, Shanghai, China). The nuclear and cytoplasmic proteins were extracted using a Nuclear and Cytoplasmic Extraction Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions. Protein concentrations of cellular or nuclear extracts were determined using BCA Assay Kit (Thermo Fisher Scientifc, Waltham, MA, USA). The detail information of antibodies used in the present study were listed in Additional file 1: Table S5 . β-actin was used as loading control. The proteins were visualized using enhanced chemiluminescence Western blot detection system (Bio-Rad, Hercules, CA, USA) according to the manufacturer's instructions. Then proteins were visualized with SuperSignal West Femto Maximum Sensitivity Substrate (ECL, Thermo) and detected by a ChemiDocXRS system (BioRad). All of the experiments were performed three times independently.
Migration and invasion assays
Transwell migration and invasion assays were conducted as previously described [13] . For invasion assay, the upper compartment of the transwell chamber (8 μm pore size, 24 wells, Millipore, Billerica, USA) were precoated with 10 μL of diluted Matrigel (Matrigel and RPMI 1640, 1:3, v/v, BD Biosciences, Sparks, USA). Cells were suspended in serum-free medium and seeded into upper chambers at a density of 3 × 10 4 and 5 × 10 4 cells for migration and invasion assays, respectively. To examine the effect of signaling agonists and inhibitors on the invasiveness of GC cells, the Matrigel-transwell system were cultured with or without IFNγ (50 ng/mL, R&D Systems, Minnesota, USA), STAT1 siRNA (40 nmol/L), JAK inhibitor I (15 ng/mL, Santa Cruz Biotechnology), ZEB1 siRNA (50 nmol/L), and IRF1 siRNA (50 nmol/L). RPMI-1640 medium containing 10% FBS and indicated inhibitors or agonists were added to lower chamber (600 μL/well). After incubation for 24 h, the non-invasive cells on the top surface of upper chamber were carefully removed with a cotton swab. Cells were fixed, stained and counted. Each experiment was repeated three times.
Scratch wound healing assay
To evaluate the migration capability of cultured human GC cells, we used the scratch test procedure, as previously described [13] . Briefly, differently treated GC cells were seeded in 6-well culture dishes and grown until to 90% confluence. After pretreatment with 10 μg/mL mitomycin C (Sigma Chemical, MO, USA) for 2 h, the wounds were scratched with a 200 μL pipette tip in the confluent monolayer. Suspension cells were removed by washing with phosphate buffer saline (PBS), remaining cells were incubated in fresh RPMI-1640 medium without FBS. The wound closures were visualized at 0 and 24 h under a microscope (Olympus, Japan). The migration rate of the cells was quantified according to the equation: [(wound length at 24 h) -(wound length at 0 h)] / (wound length at 0 h) × 100.
Intraperitoneal metastasis assay
Female BALB/c nude mice (5 weeks old) with a mean body weight of 20 g were purchased from the Experimental Animal Center of Third Military Medical University (Chongqing, China), and the intraperitoneal metastasis model was established as previously described [13] . Briefly, differently treated GC cells were suspended in PBS, and intraperitoneally injected into nude mice at 1 × 10 5 cells/ 100 μL/mouse. After 4 weeks, the mice were sacrificed and the number of intraperitoneal tumor nodules were counted. The animal experiments were conducted in accordance with institutional guidelines and approved by the Animal Ethics Committee of Southwest Hospital, Third Military Medical University.
Luciferase reporter assays
Differently treated GC cells were cultured in 24-well plates and transfected with ZEB1 luciferase reporter and Renilla luciferase plasmid using Lipofectamine™ 3000 transfection reagent (Invitrogen, CA, USA). After transfected for 48 h, the luciferase activities of GC cells were conducted using the luciferase reporter assay system (Promega, USA) according to the manufacturer's instructions. The transcription activities of ZEB1 promoter were normalized against the co-transfected Renilla luciferase reporter. Three independent experiments were performed.
Chromatin immunoprecipitation (ChIP) assay
To perform the ChIP assay, four pairs of primers for the ZEB1 promoter were designed and synthesized by Tsingke Biotech Company (Beijing, China). The sequences of the primers were listed in Supplementary Additional file 1: Table S7 . ChIP assay was conducted with the Simple ChIP Enzymatic Chromatin IP Kit (magnetic beads; CST, Danvers, MA, USA) according to the manufacture's instruction. In brief, MGC 803 cells (1 × 10 7 ) were fixed with 1% (v/v) formaldehyde to crosslink the proteins and DNA for 10 min at room temperature, followed by treatment with 125 mM glycine for 10 min to quench the crosslinking. The chromatin was sonicated into 200-1000 bp DNA/protein fragments. The lysate was incubated with either IRF1 antibody (#8478, CST) or normal rabbit IgG overnight at 4°C with rotation. After incubation with ChIP-Grade Protein G Magnetic Beads for 2 h at 4°C with rotation, the bead-bound immune complexes were then eluted by incubation in 5 mol/L NaCl and Proteinase K at 65°C for 2 h. Finally, the DNA fragments were purified and amplified by qPCR. The experiments were independently repeated at least three times.
Statistical analysis
The data were analyzed using SPSS 19.0 software and GraphPad Prism 6.0 software. All data are expressed as the mean ± standard deviation (SD) at least three independent experiments. The comparison of mean between two groups was conducted using Student's t test. The Pearson χ2 test was used to analyze the association of MTMR2 expression and clinicopathologic parameters. Comparison among multiple groups were analyzed by one-way analysis of variance. Hazard ratios (HRs) and 95% confidence intervals (CIs) were used to estimate the correlation between MTMR2 expression and overall survival (OS) or disease free survival (DFS). OS and DFS curves were plotted using Kaplan-Meier method and compared using log-rank test. Univariable and multivariable Cox proportional hazard regression models were used to identify independent prognostic factors. OS was defined as the time from the time of surgery to the date of death due to any cause or censoring. DFS was defined as the time from surgery to the date of disease recurrence, death or censoring. IPA® software (QIAGEN, Redwood City, https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/) was used to assign differentially expressed genes to known canonical pathways and functional networks. All tests were two-tailed. P < 0.05 was considered statistically significant.
Results
Elevated MTMR2 is associated with clinicopathologic characteristics of GC and prognosis of the patients
The expression of MTMR2 in 295 GC cancerous and paired adjacent normal tissues were examined by IHC staining. MTMR2 staining was located in the cytoplasm and/or nucleus of GC cells (Fig. 1a) . MTMR2 staining was low or absent in adjacent normal gastric mucosa ( Fig. 1Aa ), but was high in tumor tissues and metastatic lymph node ( Fig. 1Ab-f ) . Moreover, the intensity of MTMR2 staining in tumor tissues was increased with invasion depth ( Fig. 1Ab- 
e). MTMR2
high was more frequent in cancerous tissues (147/295; 49.83%) than that in adjacent normal tissues (114/295; 38.64%) (P < 0.001) (Fig. 1b) . In six pairs of fresh GC specimens, the expression levels of MTMR2 at protein level in cancerous tissues (T) were higher than that in normal gastric tissues (N) (Fig. 1c) . The analysis of MTMR2 RNA-seq data containing 408 GC and 211 normal tissues in TCGA database showed that the mRNA level of MTMR2 expression in GC cancerous tissues was significantly higher than that in normal tissues (P < 0.05, Fig. 1d ). A similar result was obtained from the analysis of GSE27342 datasets (P = 0.0326, Fig. 1e ). These results indicate that MTMR2 is significantly upregulated in GC tissues.
We next evaluated the relationship between MTMR2 expression and clinicopathological features in GC. The expression levels of MTMR2 were significantly correlated with T stage (P = 0.004), N stage (P = 0.000), and TNM stage (P = 0.032) ( Table 1 , Additional file 1: Figure S2A -C), but not with the sex (P = 0.396), age (P = 0.313), tumor location (P = 0.524), histological grade (P = 0.172) or tumor size (P = 0.056) ( Table 1) . The mRNA expression level of MTMR2 in TCGA database was also associated with TNM stage (Additional file 1: Figure S2D ) analyzed by an online tool ualcan (http://ualcan.path.uab.edu) [17] . The prognostic significance of MTMR2 expression in GC was further estimated. In 295 GC patients, 180 cases (61.02%) died within the median (45 months) of follow-up period (range, 1-81 months). Kaplan-Meier survival analysis showed that patients with MTMR2 high had shorter OS time (HR = 1.859, 95%CI (1.378-2.507), P = 0.0001) (Fig. 1f ) and DFS (HR = 1.853, 95% CI =1.418-2.570, P < 0.0001) than those with MTMR2 low (Fig. 1g ). In addition, we found a cohort 203212_s_at in GEO database, which contained 876 GC patients with follow-up information and also showed that the patients with MTMR2 high expression exhibited shorter OS (HR = 1.415, 95%CI =1.203-1.754, P = 0.0001) (Fig. 1h) and DFS (HR = 1.486, 95%CI = 1.227-1.950, P = 0.0002) (Fig. 1i) . The prognostic value of MTMR2 expression was further investigated after stratification by TNM stage. GC patients with MTMR2 high had significantly shorter OS (Additional file 1: Figure S3A and B) and DFS (Additional file 1: Figure S3C and D) in our cohort in both early (TNM I and II) and late (TNM III and IV) stages. The cox proportional hazards regression was performed to further reveal the role of MTMR2 in predicting GC prognosis. Multivariate analysis with stepwise selection method identified that MTMR2
high was an independent prognostic factors for OS (P = 0.004, Table 2 , high in GC tissues was significantly higher than that in adjacent normal tissues; ** P < 0.01. c In six pairs of fresh surgical GC specimen, the expression level of MTMR2 protein detected by western blot in tumor tissues (T) was higher than that in adjacent normal tissues (N). d Data in the TCGA database showed higher MTMR2 expression in GC tumor tissues compared to adjacent normal tissues; * P < 0.05. e Analysis of GEO GSE 27342 showed a significantly higher MTMR2 expression in GC tissues compared to adjacent normal tissues. f, g Kaplan-Meier analysis of 295 GC patients indicated that high MTMR2 expression was associated with shorter overall survival (OS) (f) and disease free survival (DFS) time (g). h, i Kaplan-Meier analysis of GC patients from dataset 203212_s_at in Kaplan-Meier plotter indicated shorter OS (h) and DFS time (i) for patients with MTMR2 high Additional file 1: Figure S4A ) and DFS (P = 0.006, Table 3 , Additional file 1: Figure S4B ). These results suggest that MTMR2 may act as a promising prognostic marker for GC patients.
MTMR2 enhances the invasion and metastasis of GC cells
Our clinical findings revealed that MTMR2 expression was correlated with depth of invasion and lymph node metastasis in GC specimens, implying that MTMR2 might involve in the invasion and metastasis of GC. To address this issue, the applicable cell models were established. The expression levels of MTMR2 in five GC cell lines (SGC7901, BGC823, MKN-45, AGC and MGC803) were higher than that in a gastric epithelial cell line (GES-1), with the highest expression in MGC803 and BGC823 cells (Additional file 1: Figure S5A Figures S7A-D, S8A and B) . While overexpressing MTMR2 significantly increased the migratory and invasive capabilities in MGC803 and BGC823 cells (Fig. 2c and d , Additional file 1: Figures S7E-H, S8C and D) . Then an intraperitoneal metastasis model was used to investigate the effect of MTMR2 on metastasis ability in nude mice. Silencing MTMR2 markedly reduced the metastatic capability (Fig. 2e-g ), whereas MTMR2 overexpression markedly enhanced the metastatic capability in MGC803 and BGC823 GC cells (Fig. 2h-k) . All metastatic nodules formed by GC cells in mice were confirmed as human GC origin by H&E staining (Fig. 2g-k) . These results suggest that MTMR2 is an important player in the invasion and metastasis of GC cells. 
MTMR2 induces epithelial-mesenchymal-transition in GC cells
Epithelial-mesenchymal transition (EMT) has been well recognized as a key event in driving invasion and metastasis of GC cells [18] . We explored whether EMT process was involved in MTMR2-promoted the invasion and metastasis in GC cells. Silencing MTMR2, the cellular protrusions were markedly reduced in MGC803 and BGC823 GC cells (Fig. 3a) . In contrast, overexpressing MTMR2 resulted in not only increased cellular protrusions but also more spindle-like shape in partial GC cells (Fig. 3b) . Compared with the mock cells, MTMR2-knockdown MGC803 and BGC823 GC cells expressed higher level of E-cadherin and lower level of N-cadherin and vimentin at mRNA and protein levels (Fig. 3c, e) .
The reverse results at mRNA and protein level were observed by overexpression of MTMR2 in those cells (Fig. 3d, f ) . The analysis of TCGA data showed that the MTMR2 expression level was negatively correlated with E-cadherin and positively correlated with N-cadherin and vimentin (P < 0.05 for all) (Fig. 3g) . Taken together, these results suggest that MTMR2 enhances the invasion and metastasis mainly by inducing EMT in GC cells.
IFNγ/STAT1 signaling pathway is involved in MTMR2-induced EMT in GC cells
To reveal the signaling pathways that involved in MTMR2-inducing EMT, a gene expression profiling was performed in sh-MTMR2 BGC823 and mock cells (Fig. 4a) . After knockdown of MTMR2, a total of 695 differentially expressed genes were identified (Fold Changes > 1.5) in BGC823 GC cells. Among these genes, 357 were up-regulated and 338 were down-regulated. Consistent with our findings in in vitro studies, Ingenuity® Pathway Analysis (IPA®) showed that "migration of tumor cells", "migration of cancer cells", "cell movement of tumor cells" and "invasion of cells" ranked the top of "Diseases or Functions Annotation" related to MTMR2 depletion (Additional file 1: Table S6 ). KEGG pathway enrichment analyses indicated that interferon (IFN) signaling pathway was most affected by MTMR2 disruption (Fig. 4b) . Previous studies have demonstrated that all IFNs signal through the Janus activated kinase (JAK) /signal transducer and activator of transcription (STAT) pathway, where engagement of the receptors induces sequential activation of JAK or tyrosine kinase 2 (TYK2) and STATs, resulting in transcriptional activation of interferon-stimulated genes [19] . Therefore, we first evaluated the affection of MTMR2 knockdown on the activation of JAKs and TYK2. Depletion of MTMR2 significantly upregulated the phosphorylation JAK1/2, but did not affect the phosphorylation of TYK2 both in MGC803 and BGC823 cells (Fig. 4c) , implying that IFNγ signaling was involved. We then assessed the effect of MTMR2 knockdown on the activation of STATs. Depletion of MTMR2 significantly elevated the levels of phospho-STAT1 (pSTAT1) Tyr 701, but less affected the levels of phospho-STAT2 (pSTAT2) Tyr 690 and phospho-STAT3 (pSTAT3) Tyr705 or pSTAT3 Ser727 as well as total STAT2 and STAT3 (Fig. 4c) . Moreover, silencing of MTMR2 markedly increased the nuclear accumulation of pSTAT1 (Fig. 4d) . Further IPA® and gene regulatory network analysis also identified that STAT1 and its target genes were the top molecules regulated by MTMR2 (Additional file 1: Figure S9 ). These results strongly suggested that IFNγ/STAT1 pathway of IFN signaling was involved in MTMR2-enhanced invasion and metastasis of GC cells. Hence, we stimulated GC cells with IFNγ (50 ng/mL), and found that invasive capability in control GC cells was markedly reduced and over-MTMR2-enhanced invasive capability in MTMR2-overexpressing cells was significantly attenuated (Fig. 4e , Additional file 1: Figure S12A ). Because our results have suggested that MTMR2 enhanced invasion and metastasis mainly by inducing EMT in GC cells, we further assessed the affection of IFNγ/STAT1 pathway on EMT. IFNγ treatment enhanced the phosphorylation of STAT1, JAK1/2, accompanying with upregulated E-cadherin and downregulated N-cadherin and vimentin, which were reversed by MTMR2 overexpression (Fig. 4f ) . Treatment with JAK inhibitor I, an inhibitor of JAK1/2, not only enhanced the invasive capability in control GC cells but also reversed sh-MTMR2-reduced invasive capability in sh-MTMR2 cells (Fig. 4g , Additional file 1: Figure  S10B ). Similar results were observed after treatment with STAT1 siRNA (Fig. 4h , Additional file 1: Figure  S10C ). Thus, MTMR2 acts as an important inactivation factor of IFNγ/STAT1 pathway to induce EMT in GC cells.
MTMR2 inactivating IFNγ/STAT1 to upregulate ZEB1
Since IFNγ/STAT1 signaling has been reported to be involved in regulation of EMT-related transcription factors [20] [21] [22] [23] , we therefore examined the effect of MTMR2 knockdown on the expression of EMT-related transcription factors. Silencing of MTMR2 in MGC803 and BGC823 cells markedly downregulated ZEB1 and slightly downregulated Twist, but did not affect Snail and Slug at both mRNA and protein levels ( Fig. 5a and b) . The opposite results were observed upon overexpression of MTMR2 ( Fig. 5c and d) , suggesting that ZEB1 was the main EMT-related transcription factor involving in MTMR2-induced EMT in GC cells. Treatment with IFNγ increased phosphorylation of STAT1 and downregulated ZEB1 in control cells, simultaneously reversed MTMR2 overexpression-inhibited phosphorylation of STAT1 and -increased expression of ZEB1 in over-MTMR2 cells (Fig. 5e ). Since transcriptional factor STAT1 was phosphorylated by the protein kinases JAKs, we therefore treated over-MTMR2 and control GC cells with JAK inhibitor. Treatment with JAK inhibitor abolished the phosphorylation of STAT1 and restored the expression of ZEB1 induced by MTMR2 knockdown in sh-MTMR2 GC cells (Fig. 5f ). Transfection with STAT1-targeting siRNA significantly reduced both total and phosphorylated STAT1 accompanying , P < 0.001. d qRT-PCR analyses showed that MTMR2 overexpression downregulated E-cadherin and upregulated N-cadherin and vimentin at mRNA level in MGC803 cells and BGC823 cells, *, P < 0.05; **, P < 0.01. e Western blot analyses showed that MTMR2 knockdown upregulated E-cadherin and downregulated N-cadherin and vimentin at protein level in MGC803 and BGC823 cells. f Western blot analyses showed that MTMR2 overexpressing downregulated E-cadherin and upregulated N-cadherin and vimentin in MGC803 and BGC823 cells. g MTMR2 expression was correlated with the expression of E-cadherin, N-cadherin and vimentin in GC samples from TCGA dataset (P < 0.001 for all) Fig. 4 IFNγ/STAT1 signaling pathway is involved in MTMR2-induced EMT in GC cells. a Microarray heatmap showed differentially expressed genes in sh-MTMR2 BGC823 and mock cells. The color key for the normalized expression data was shown at the top of the microarray heatmap (green means downregulated genes and red represents upregulated genes. b Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of the most differentially expressed genes between the sh-MTMR2 BGC823 and mock cells (fold change ≥1.5). All signaling pathways were sorted according to the Z score. c MTMR2 knockdown enhanced the phosphorylation of JAK1/2, but did not affected the phosphorylation of TYK2. d MTMR2 knockdown enhanced the phosphorylation of STAT1, but did not affected the phosphorylation of STAT2 and STAT3. e MTMR2 knockdown not only upregulated the level of pSTAT1, but also enhanced the nuclear accumulation of pSTAT1. f IFNγ treatment (50 ng/mL, 48 h) decreased invasion capability of MGC803 and BGC823 cells, which was attenuated by MTMR2-overexpression. g IFNγ treatment (50 ng/mL, 48 h) enhanced the levels of pJAK1/2 and pSTAT1, accompanying with upregulated E-cadherin and downregulated N-cadherin and vimentin. And these effects of IFNγ treatment were reversed by MTMR2 overexpression. h, i Both JAK inhibitor (15 ng/mL, 48 h) (h) and STAT1 siRNA (40 nmol/L, 48 h) (i) enhanced the invasive capability in control MGC803 and BGC823 cells and reversed the invasive capability reduced by MTMR2 knockdown in sh-MTMR2 MGC803 and BGC823 cells upregulation of ZEB1 in mock cells, and attenuated the effect of MTMR2-knockdown on the upregulation of both total and phosphorylated STAT1 as well as downregulation of ZEB1 (Fig. 5g) . Depletion of ZEB1 significantly upregulated E-cadherin and downregulated N-cadherin and vimentin in control cells, and reversed the effect of MTMR2-overexpression on the downregulation of E-cadherin and upregulation of N-cadherin and vimentin in over-MTMR2 GC cells (Fig. 5h) . Depletion of ZEB1 also significantly decreased the invasive ability of control cells, and attenuated the effect of MTMR2-overexpression on the promotion of invasive ability in sh-MTMR2 GC cells (Fig. 5i , Additional file 1: Figure S11 ). These findings indicate that MTMR2 upregulates ZEB1 to induce EMT by inactivating IFNγ/ STAT1 pathway in GC cells.
IRF1 mediates the inhibition of IFNγ/STAT1 on ZEB1
Finally, we asked how STAT1 regulates ZEB1 in GC cells. It has been reported that STAT1 exerts function by targeting several genes, including IRF9, IRF1, IFITM1 and TAP1 [24] [25] [26] . We therefore examined the change of these molecules after silencing of MTMR2. We found that MTMR2 knockdown upregulated the mRNA and protein expression of IRF9, IRF1, IFITM1 and TAP1, with the most significant upregulation of IRF1, implying that IRF1 may be the main mediator in process of STAT1 regulating ZEB1 (Fig. 6a, b) . We then evaluated qRT-PCR and Western blot showed that overexpressing MTMR2 markedly increased ZEB1 expression at both mRNA (c) and protein (d) levels in over-MTMR2 MGC803 and BGC823 cells, but less affected the expression of Twist, Snail and Slug. e IFNγ treatment (50 ng/mL, 48 h) increased phosphorylation of STAT1 and downregulated ZEB1 in control MGC803 and BGC823 cells, and attenuated the upregulation of MTMR2 overexpression on ZEB1 in over-MTMR2 cells. f, g Both JAK inhibitor (f) and STAT1 siRNA (g) decreased phosphorylation of STAT1 and upregulated ZEB1 in mock MGC803 and BGC823 cells, and reversed the downregulation of MTMR2 knockdown on ZEB1 in sh-MTMR2 MGC803 and BGC823 cells. h Depletion of ZEB1 significantly upregulated E-cadherin and downregulated Ncadherin and vimentin in sh-MTMR2 and mock MGC803 and BGC823 cells. i Depletion of ZEB1 significantly decreased the invasive ability in sh-MTMR2 and mock MGC803 and BGC823 cells, **, P < 0.01, ***, P < 0.001 the effect of IRF1 on the invasion capacities of GC cells. Silencing IRF1 significantly increased the invasion capacity in mock cells, and abrogated the inhibitory effect of MTMR2-knockdown on the invasion in sh-MTMR2 cells (Fig. 6c , Additional file 1: Figure S12 ). Knockdown of IRF1 expression also resulted in down-regulation of the E-cadherin and up-regulation of N-cadherin and vimentin in mock cells, and attenuated MTMR2 knockdown-induced upregulation of E-cadherin and downregulation of N-cadherin and vimentin in sh-MTMR2 cells (Fig. 6d) . To identify the pattern of IRF1 regulating ZEB1, transcriptional activity of ZEB1 promoter was measured by using luciferase reporter assays. Treatment with IRF1 siRNA significantly increased ZEB1 promoter activity in mock cells, and reversed MTMR2 knockdown-induced suppression of ZEB1 promoter activity in sh-MTMR2 cells (Fig. 6e) , implying that IRF1 directly inhibits the transcription of ZEB1 gene in GC cells. To confirm the interaction between IRF1 and the promoter of ZEB1, a ChIP assay was performed with 4 pairs of primers covering − 391 to − 1 bp of the ZEB1 promoter. The results showed that the region of − 165 to -1 bp in ZEB1 promoter was a potential binding region for IRF1, in which there is a predictive binding site of − 81 to − 61 (Fig. 6f) . These findings suggest that STAT1 regulating ZEB1 is mainly mediated by IRF1.
In addition, we examined the levels of pSTAT1, IRF1 and ZEB1 expression in intraperitoneal metastasis models established with MTMR2-knockdown or -overexpression MGC803 cells by IHC to confirm the involvement of IFNγ/STAT1/IRF1/ZEB1 pathway in MTMR2-mediated metastasis. Compared with the metastatic foci derived from control cells, the metastatic foci derived from MTMR2 overexpression cells exhibited significantly downregulated of pSTAT1 (P < 0.05) and IRF1 (P < 0.05) and upregulated ZEB1 (P < 0.05), while sh-MTMR2 achieved the opposite results (Fig. 6g) . These results confirm the importance of IFNγ/STAT1/IRF1/ZEB1 pathway in MTMR2-mediated metastasis proven by in vitro experiments.
Discussion
It is well-established that invasion-metastasis cascade drives the progression of cancer cells, and eventually leads to significantly poor outcome of the patients [18, 27, 28] . Despite the tremendous efforts have been made, the molecule mechanisms underlying the invasion and metastasis of GC remain largely unclear. In this study, we demonstrated that MTMR2 highly expressed in GC tissues and its expression levels were significantly correlated with invasion depth and lymph node metastasis, as well as the outcome of the patients. To the best of our knowledge, this is the first study to reveal the role and clinical relevance of MTMR2 in GC.
EMT has been demonstrated to play an important role in triggering the invasion and metastasis during tumor progression, by which epithelial origin cancer cells, including GC cells, lose their epithelial characteristics and acquire more migratory mesenchymal properties [18, 27, 28] . In this study, we demonstrated that MTMR2-promoting invasion and metastasis is closely associated with induction of EMT.
We performed a gene expression profiling to explore the potential signaling pathways that involved in MTMR2-inducing EMT and consequent invasion and metastasis in GC cells and uncovered the IFN signaling was most affected signaling after MTMR2 knockdown. Actually, there are three major types of IFN, i.e. type I (IFN-α, β, ε, κ, and ω), type II (Interferon-γ, IFNγ) and type III (IFN-λ1-4) [29] . Hence, it should be clarified which IFN signaling is involved in the process of MTMR2-induced EMT. Though all three types of IFNs signal through the JAK/STAT pathway, typically, type I and III IFN signaling activates TYK2 and JAK1, resulting in STAT1 heterodimerization, whereas type II IFN signaling activates JAK1 and JAK2 to induce STAT1 homodimerization [19] . Our results that depletion of MTMR2 significantly upregulated the phosphorylation JAK1/2, but did not affect the phosphorylation of TYK2 strongly suggested that MTMR2 induced EMT mainly through regulating type II IFN signaling.
IFNγ is associated with an antitumor role via extrinsic or tumor cell intrinsic mechanism [30] . Regarding the extrinsic antitumor property, IFNγ plays a pivotal function in stimulating antitumor immunity and promoting tumor recognition and elimination [31] [32] [33] . Regarding the tumor cell intrinsic mechanism of antitumor, many studies demonstrated that IFNγ signaling exerts antitumor role mainly involved in anti-proliferative and pro-apoptotic processes. Chin et al. reported that IFNγ inhibit the growth of tumor cells by activating STAT1 to upregulating cyclin-dependent kinase (CDK) inhibitor 1 [34] . Fulda et al. reported that IFNγ promotes tumor cell apoptosis by activating STAT1/IRF1 pathway to upregulate the expression of caspase-8 [35] . Wee et al. reported that EZH2 directly repressed the expression of interferon-gamma receptor 1 (IFNGR1) to inhibiting activation of IFN-JAK-STAT1 tumor-suppressor signaling and apoptosis in a MYC-dependent manner in a subset of metastatic prostate cancers [36] . In recent years, IFNγ/STAT1 pathway has been linked to metastatic progression of cancers. Varikuti et al. showed that STAT1 is an important suppressor of primary breast tumor growth and metastasis [37] . Several studies also suggested that IFNγ/STAT1 signal pathway plays a key role in inhibition of EMT in several cancers, including lung cancers [20] , gallbladder cancer [21] , hepatocellular carcinoma [22] . In this study, we demonstrated that MTMR2 inactivates IFNγ/STAT1 signaling resulted in induction of EMT and enhanced invasion and metastasis in GC cells. However, recent studies suggested that IFNγ/STAT1 signaling also exerts protumor effects. Kunita et al. [38] report that IFNγ/STAT1 stimulated the expression of cell surface protein podoplanin (PDPN), a potent inducer of cancer cell invasion, in the invasive front of squamous cell carcinomas (SCCs) of the cervix in patients and in the transgenic human papillomavirus/ estrogen mouse model of cervical cancer. Lo et al. reported that IFNγ induced the transcription of interferon-induced tetratricopeptide repeat 5 (IFIT5) via the JAK-STAT signaling pathway to degrade the precursors of suppressive miRNAs of EMT, resulting in EMT in prostate cancer cells [39] . The opposite tumoricidal and protumor effects of IFNγ/STAT1 signaling may be attributed to the difference of the tumor-specific context, the magnitude of the signal, and the microenvironmental cues [30] .
Activated JAKs act as the signal transducers downstream of IFNγ receptors and are characterized by phosphorylation [40, 41] . Our data suggested that MTMR2 is involved in the negative regulation of JAK1/2 phosphorylation in GC cells. Many studies have demonstrated that dephosphorization of phosphorylated JAKs catalyzed by protein tyrosine phosphatases (PTPs), such as SHP1, SHP2, CD45, PTPRD, PTPRT and so on, is one key regulatory module [42] . Although MTMR2 is initially described as a protein tyrosine/dual specificity phosphatase based on the primary sequence, but no any substrate of phosphoprotein has been identified so far [43] . Numerous studies have now shown that MTMR2 uses phosphoinositide lipids (PIs), rather than phosphoproteins, as physiological substrates, involving in converting lipid second messengers PI(3)P and PI(3, 5)P2 into PI and PI(5) P [44] [45] [46] . Therefore, the mechanisms underlying MTMR2 inhibiting the phosphorylation of JAKs remained to be further elucidated.
IRF1 is an important downstream molecule of JAKs-STAT1 signaling, and one of the major primary response genes induced by STAT1 signaling [30] . Upon activated by STAT1, IRF1 functions as a transcription activator of interferon-stimulated response elements (ISRE), leading to the transcription of a large number of secondary response genes [47, 48] . IRF1 mainly functions as a tumor suppressor protein, low-expressing in several human cancers including breast cancer [49] , endometrial carcinoma [50] , leukemia [51] , hepatocellular carcinoma [52] and cholangiocarcinoma [53] . Moreover, IRF1 has associated with inhibition of EMT, migration and invasion of some cancer cells [54] [55] [56] . Lin YH et al. reported that IRF1 regulates the expression of EMT-related transcription factors Snail, Slug and Twist [23] . However, we found that IRF1 suppresses the EMT and invasion by directly inhibiting the expression of ZEB1 at transcriptional level in GC cells.
Conclusions
In summary, we demonstrate that MTMR2 promotes EMT, invasion and metastasis by inactivating the IFNγ/ JAK/STAT1/IRF1 signaling, a canonical pathway for IFNγ, to provoke ZEB1 expression in GC cells. MTMR2 is high expressed in GC tissues and the expression level is closely correlated with clinicopathological features and outcome of the patients, suggesting that MTMR2 may serve as a prognostic biomarker and a potentially therapeutic target in GC.
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